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INTRODUCTION
The need for historical streamflow data for the lower reaches of the Columbia and Willamette Rivers is heightened by prospects for increased industrialization in those areas and by water-quality standards that are being set. Because of tidal effects in the lower reaches of these streams, no continuous records have been collected there until the last few years and then, only on the Columbia River at Vancouver, Wash. Because actual historical streamflow data are lacking, the obvious alter-1 native is to estimate such records using the best available data. Throughout the Columbia River basin the Water Management Subcommittee of the Columbia Basin Inter-Agency Committee has used the period July 1f28 to June 1958 for planning purposes as this period includes the critical low-wa~r periods a~ well as high-water years such as 1948 and 195~. The estimates presented in this report includ ~ that period.
PURPOSE AND SCOPE
This report presents two tables of discharge estimates for each of five ungaged sites in the lower Columbia River basin for the period (see tables [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] at end of this report). One table lists "observed" monthly mean discharge; that is, the flows that would have been measured at a gaging station at the site. The other table lists "adjusted" monthly streamflow, which is the "observed" flo"V adjusted for storage changes in major upstream reservoirs and for diversions at Grand Coulee Dam. The "adjusted" flows represent f, "noreservoir" condition. Because these runoff figures more nearly represent natural flmv conditions, they are convenient for studies involving different sets of reservoirs or operations.
The report also describes methods ur~d to estimate these monthly and annual strean1flows at the four sites on the Columbia River below Bonneville Dam and for Willamette River at mouth. The four Columbia River sites are at Vancouver, Wash., below Lewis River at St. Helens, Oreg., below Cowlitz River at Longview, Wash., and at mouth. No attemr~ has been made to estimate daily flows.
DESCRIPTION OF THE STUDY AREA
The lower Columbia River basin as used in this report includes that part of the basin • Gaging station used also as index to correlate inflow in reach downstream from the gaging stations on Columbia River at the Dalles, Oreg., and on Willamette River at Salem, Oreg. (see fig. 1 ). The drainage area at the Dalles is about 237, 000 square miles and the drainage area at the mouth of the Columbia River is about 258,000 square miles. The incremental area between these points is, therefore, 21,000 square miles, lying almost entirely west of the Cascade Range. Only about 4,600 square miles of the area below the Dalles and Salem is ungaged, and about 400 square miles of that is river channel water surface or low sand islands which lie largely in the extreme lower reaches where the river becomes several miles wide. However, the water from the 21,000 square miles is an important part of the flow at the mouth of the Columbia River. Average runoff from this area is 3.62 cfs per sq mi (cubic feet per second per square mile) whereas average runoff from the area above The Dalles is only 0.824 cfs per sq mi.
Most of the study area is between 500 and 5,000 feet elevation and is heavily forested; but some lower areas, such as the Willamette River valley, are largely under cultivation with interspersed forests.
There is only one impoundment (Bonneville Dam) below The Dalles on the main stem of the Columbia River, but this is a Hrun-of-river" reservoir with inconsequential monthly storage changes. In determining "adjusted" monthly flows it was necessary to adjust for (1) storage changes in nine major reservoirs above The Dalles, (2) pumpage (diversions) at Grand Coulee Dam, and (3) storage changes in seven reservoirs above Salem in the Willamette River basin and three reservoirs in the Lewis River basin.
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ESTIMATION OF DISCHARGE
Two methods were used for estbnating monthly mean flows at the five ungagoc sites. The first and basic method invplved summation of flows for all gaged areas with estimates .of flow for all ungaged areas (Orem, 1961) . The second was a shortcut method tr.~t involved dividing the area between the Dalles, Oreg., and the mouth of the river intc three major segments and estimating the flow for each segment by correlation procedure:~. The second method was used for some of the early years before many of the gages were in~talled on intervening areas l>etween The Dall~s and the mouth of the river.
SUMMATION METHOD
The summation method consisted of starting with gaged flows of the Columbia River at the Dalles, Oreg., and adding tri"'•Itary flows as they entered the river. Table 1 , which illustrates the method, is for the 15-year period covering water years 1943-57. The table was prepared about 1960 when average ftc w for that standard period was needed for Columbia River at Vancouver, Wash., and Columbia River at mouth. That table is shown in this report in preference to using a specific month as an example because (1) average values for ungaged areas were estimated in this table, and (2) the tabulation is for a 15-year period and, therefore, the computation is not complicated with travel-time adjustments. To estimate flows for individual months, travel-time adjustments are used when flow at the end of the month is materially different from fow at the beginning of the month. These adjustments will be explained in more detail later in the report.
Gaged areas
For most of the 1928-65 period streamflow records are available for all but abcnt 1.6 percent of the Columbia River drainage area. This small ungaged area accounts for 4.6 percent of the flow at the mouth of the Col'lmbia River. The gaged areas are listed in u.ble 1. The "Remarks" column in the table inc.icates that even in the period 1943-57 there were a few months or years of missing record for several of the gaged areas and that flovr data for these short periods were estimated by correlation with records of a nearby stream.
Ungaged areas
Estimates of ungaged average inflow to the Columbia River for five areas are given in table 1. Because the ungaged areas and flows are small compared to the flow of the Columbia River, estimates of monthly flow at the ungaged main-stem sites cannot be materially in error because of erroneous estimates of ungaged inflow. Nevertheless, con~iderable care and effort went into-these estimates. Average runoff rates for the areas were determined in terms of the average runoff rate for a nearby gaged area based on a runoff map developed by Hulsing and Kallio (1964) Downstream from the gaging stations in Oregon at The Dalles and at Salem there are 400 square miles of river channel and islands. Increments of flow were included for precipitation directly on this surface and decrements were included for evaporation from the surface. Because these components are relatively small and tend to cancel each other, they were included in the estimates of monthly flow for only the two lower ungaged sites. About half the 400 square miles is upstream from the ungaged main-stem site below the Cowlitz River. Therefore, precipitation on and evaporation from the 400 square miles of water surface were taken into account f.or flow of Columbia River at mouth and from 200 square miles for Columbia River below Cowlitz River. Monthly flow increments were obtained by averaging the amount of precipitation recorded at Weather Bureau stations in Oregon at Bonneville, Salem, Portland, and Astoria and converting that average to equivalent cubic feet per second. Monthly flow decrements for evaporation were obtained using average monthly values derived from U.S. Weather Bureau Technical Papers 13 and 37 (U.S. Weather 4 Bureau, 1950, 1959 Do
Columbia River (The Dalles to
Travel times were based on data and advice from Weather Bureau, Corps of Engineers, and Geological Survey personnel, plus some observations of velocities at Hc0d River, Vancouver, and a few other points.
Although the flows at the lower end of the reach were the basis for the assignment of travel time through the reach, the flows at the upper end of the reach were tl'e basis for the change in discharge used in adjusting the "observed" flows at the ungagen site for travel time. For example, in May 1948 the "observed" monthly mean flow at Vancouver was 493,500 cf.s (cubic feet per second). F-:-om the above schedule the travel time from The Dalles to Vancouver was, therefore, taken as 1 day. The daily mean flow at The Dalles was 249,000 cfs on April 30, 1948, and 999,000 cfs on May 31, 1948. The change in flow at The Dalles during May was, therefore, + 750,000 cfs and the needed adjustment to monthly mean flow at Vancouver was negative, computed as follows: 750,000 cfs x 1 day -------= 24,200 cfs. 31 days The "observed" mean flow of 493,500 cfs at Vancouver was adjusted to 469,300 cfs. If the travel time had been 2 days, then 2 days rather than 1 day would have been used in the numerator of the above equation.
The adjustment of -24,200 cfs shown above is about the maximum needed both in amount and in percentage of flow and is about 5 percent of the "observed" flow at Vancouver. For simplicity, the assumed travel times to Vancouver were used also for the ungaged sites below Lewis River and below Cowlitz River , even though it is obvious that somewhat longer travel times to those sites should be used., A good verification of the applicability and validity of the assumed travel time from The Dalles to Vancouver was possible because the Geological Survey measured flows at Vancouver during the 1964 Vancouver during the , 1965 Vancouver during the , and 1966 water years. Table 2 shows a comparison of estimated "observed" flows and measured flows at Vancouver for those three years. In 28 of the 36 months of record the adjustment for time of travel improved the agreement of the estimated "observed" flows with the measured flows.
The increase in discharge during the spring rise in certain years was so large that application of the time-of-travel adjustment resulted in larger flows at Longview than at the mouth, but the difference never exceeded about 2 percent and it is probable that the greater upstream flows could actually occur under certain conditions.
CORRELATION METHOD
The correlation, or shortcut, method for estimating flows at the ungaged sites was developed for two reasons, ( 1) many of the gaging-station records used in the detailed summation method were not available for many of the early years, and (2) for the past 6 or 7 years the Geological Survey Northwest Data Center at Portland, Oreg., has needed a method for computing current monthly flows at Vancouv~r, Wash., and at the mouth of the Columbia River, and many of the gaging-station records used in the summation method have not been available on a current basis.
Major Inflow Segments
In the correlation method the area be~ween The Dalles, Oreg., and the mouth of the river was broken into three major segmentr and separate correlations were used to estimate the inflow from each segment. These segments are Columbia River from The Dalles to Vancouver, Wash., Willamette River from falem, Oreg., to mouth (including Multnomah Channel), and Columbia River from Vancouyer to mouth.
Good estimates of the inflow betweer The Dalles ana Vancouver were obtained by· correlating monthly inflow figures for 191:3---65 (obtained by the summation method) with the sum of flows in Hood and Wind Rivers., Separate correlations were made for each 1nonth of the year to adjust for seasonal variations in the relationship. Figure 2 shows the correlation developed for January.
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Similarly, the flows of Willamette River at the mouth correlated well with flows of Willamette River at Salem after both wer~ adjusted for storage changes upstream. Figure  3 shows the correlation for the month of October. Correlations for each month were used to obtain "adjusted" monthly mean flows at the mouth of the Willamette for the early years, and the adjustments were then subtracted to obtain the "observed" monthly mean flows.
The "adjusted" inflow to Columbia River below Vancouver also correlated well with the sum of flows in Cowlitz and Lewis Rivers adjusted for upstream storage in Lewis River reservoirs. Figure 4 shows the correlation for the month of January. Here, too, the adjusted inflow obtained through correlation was converted to "observed" inflow.
Discharges obtained by correlation for these three major segments of inflow were then used directly to obtain estimated flows at three of the five ungaged sites; however, estimated flows for the other two ungaged sites required further manipulation of data. Estimated flows for Columbia River below Lewis River were obtained by adding to the flow at Vanc-:mver,
January 1943-65 The procedure outlined above did not result 6 in "observed" monthly mean flows comparable to those obtained by the summation method shown in table 1. Adjustment~ for precipitation on and evaporation from the 400 square miles of water surface and for time of travel because of changing discharge also had to be made. This was done in the SG.me way as for the summation method, with tr~ following exception; the evaporation correction applicable to flows at the mouth of the Columbia River was made an integral part of the correlation developed for the inflow segment from Van- couver, Wash., to the mouth. This procedure was used because the same annual evaporation of 24 inches and the same monthly distribution of that 24 inches were used each year. Precipitation corrections were not made in the same manner because the actual amount of 8 precipitation by months and years is known.
ADJUSTED MONTHLY MEAN FLOWS
The tables of "observed" mont}' ly mean flow for water years 1928-65 for each of the five ungaged sites were developed uring both the summation and correlation methods. Tables of "adjusted" monthly mean flows were then compiled by adjusting the "observed" flows for upstream storage changes. Merwin. Adjustments for upstream storage were computed using the system of adjusting that has been standard with the Water Management Subcommittee of the Columbia Basin Inter-Agency Committee. In that system, adjustments are made strictly on a calendarmonth basis with no allowance for travel time. In other words, in any given month the adjusted flow fr<>r Columbia River at the mouth may include an adjustment for a storage change that occurred largely during the last day or two of a month and the effect would not be felt at the mouth until the following month. However, such events should not lead to consistently large errors. At times during the final days of the month one reservoir may store while another releases, and the resultant differences in flow would tend to cancel each other.
ACCURACY OF ESTIMATES
Because of the many approximations involved, it is difficult to place accuracy limits on the estimates of flow. The ungaged area between the mouth of the Columbia River and The Dalles, Oreg., is only 1.6 percent of the total Columbia River drainage area, and the ungaged flow is estimated to be less than 5 per cent of the total flow.. Therefore, fairly large errors in estimates of ungaged flows would not greatly affect estimates of total flow. However, in some months, the approximations used could easily result in errors of a few percent if errors in the several estimates were in the same direction. It is morfl likely that the errors would be compensating.
Comparison of Estimated and Measured Flows
The only real check of the accuracy of estimates lies in a comparison of estimat~~d flow for Columbia River at Vancouver, Wash., for water years 1964-66 with measured flC''¥S for those years (table 2). The estimates for 1964 and 1965 were by the detailed sum.mation method whereas those for 1966 were by the correlation method. The mean deviation of the three estimated annual mean flows from the measured flows is 0.24 percent and maximum deviation is only 0.42 percent. Corresp>nding figures for the 36 monthly mean flows are 2.3 and 5.7 percent, respectively. Howeve:r, this does not mean that the estimated flows are in error by this much, as the measured fLows in this tide-affected reach of the riv~~ may be a few percent in error. The comparison does show that the estimates are rear0nably close to the measured flow. It is the author's opinion that in general the estimates are accurate to within 2 or 3 percent.
Comparison of Estimates by Correlation and Summation Methods
The correlation, or shortcut, method has been used to. estimate fLows of the Columbia River at mouth for cu,rrent data releaser, Comparison of the 60 monthly estimates thus computed for water years 1961-65 with those computed by the summation method and shown in table 11 (p. 23) indicates that the z.verage difference is 1.7 percent and the maximum difference is 4.6 percent. Average difrerence for annual mean flows was 0.6 percent. Some of this difference is undoubtedly caused by the fact that provisional figures of disn.harge for index streams were necessarily u';<~d in the shortcut method but final published figures were used in the summation method to obtain the flows for 1961-65 shown in table 11.
The shortcut method was used to eft;imate monthly discharge fr<>r 1928-40 but for those years it was possible to use publishe:d discharge for all index stations, thereby eliminating provisional data as a source of error.
Known Deficiencies in Methods
:Known deficiencies in the results pre:~ented herein are as follows:
1. The 80,000 acre-feet of water supply for Portland, Oreg., diverted from the Sandy River basin as of 1955 had gr,own to about 110,000 acre-feet per year in 1965. Between one-half and two-thirds of this amount, or an average of about 100 cfs, was returned to the lower Willamette River in recent years, but no provision for this was made in the computation. 2. The increment for precipitation on and decrement for evaporation from the 400 square miles of river surface was inCluded in the tables only for Columbia River at mouth. Fifty percent of this correction was applied below the Cowlitz River. Actually, about 40 percent of the water surface is above St. Helens, Oreg., but these factors were not included in tables for the three upstream sites. 3. Although the compilations used to estimate flows for this report take into account all known surface runoff, they do not include ground-water inflow directly into the rivers below the gaging stations. This may be important particularly for the Willamette River below Salem, Oreg., where inflow is from extensive areas of permeable alluvium. The extent of the inflow cannot be evaluated until a gaging 10 station has been installed at Portland. 4. Adjustments for changing discharge through use of travel timer are only approximate and are used only f,or flows passing the gaging stations on Columbia River at The Dalles, Oreg., 2nd Willamette River at Salem; they are neglected for tributary streams. 5. Adjustments for changes in r·eservoir storage, used to convert "observed" flows to "adjusted" flows, are made strictly on a calendar-month basis with no allowance tor travel time. This could result in occasional small errors. -.7 + 1.1 + 0.1 + 2.4 + 1.2 + 3.5 + 1.9 ... 0.6 -3.1 -5.1 -4.5 -.42
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